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I .  INTRODUCTION 


In  order  to  design  ammunition  compartments  properly,  the  reaction 
of  the  ammunition  to  an  impact  by  a shaped  charge  jet  must  be  known. 

Earlier  tests*"'’  showed  that,  depending  upon  the  hit  location  and  the 
stimulant,  the  ammunition's  reaction  ranges  from  a slow  burn  of  the 
propellant  to  a detonation.  These  results  indicate  that  the  violence 
of  the  ammunitiorfs  reaction  can  be  controlled  by  limiting  the  con- 
ditions of  the  impacting  jet.  This  implies  that  the  armor  design  does 
not  have  to  completely  stop  a shaped-charge  jet,  but  rather  condition 
the  jet  so  that  it  does  not  induce  a violent  reaction. 

The  purpose  of  this  investigation  is  to  quantitatively  assess  the 

pertinent  jet-characteristics  associated  with  the  violence  of  a pro- 
7 

pellant  reaction  . The  approach  taken  was  to  impact  instrumented 
(crush  gages  and  velocity  screens)  105  mm  rounds  with  shaped-charge 
jets  of  various  diameters,  velocities,  axial  alignment  and  penetration 
capability.  This  was  augmented  by  taking  high-speed  framing-camera 
observations  (4  ps  between  frames)  during  two  of  the  instrumented 
tests.  The  violence  of  each  event  was  ranked  by  the  crush-gage  pres- 
sures and  deformation  of  the  cartridge  case.  The  jet  parameters 
required  for  a violent  reaction  were  studied  by  comparing  the  ranked 
violence  with  various  jet-parameters,  such  as  penetration  capability, 
tip  velocity,  jet  diameter,  impulse  (momentum)  delivered  to  the  round, 
and  the  kinetic  energy  deposited  in  the  round. 

17  J.N.  Majerus,  DF  entitled,  "Test  Matrix  For  Propellant  Initiation 
via  Shaped  Charges,  the  Required  Instrumentation,  and  other 
Associated  Tests  Concerned  with  Ammo  Compartments,"  dated  9 May  1974. 

2.  G.  Melani,  R.B.  Frey  and  S.  Margene  Carter,  "Determination  of  the 
Residual  Jet  Parameters  Required  to  Initiate  Cased  Explosive  Charges," 
Ballistic  Research  Laboratory  Memo.  Report  No.  2753,  May  1977. 

3.  R.  Frey,  G.  Melani,  J.  Waddell,  B.  Taylor,  and  C.  Ruth,  "Pressure 
Measurements  in  Highly  Confined  M456  Cartridge  Cases  After  Primer 
and  Cookoff  Ignition,"  Ballistic  Research  Laboratory  Memo  Report 
No.  2764,  June  1977.  (AD  #B020522L) 

4.  R.  Frey,  R.  Prenatt,  G.  Melani,  B.  Taylor  and  V.  Boyle,  "Explo- 
sive Reactions  in  Propellant  Beds,"  Ballistic  Research  Laboratory 
Interim  Memo  Report  No.  568,  August  1977.  (not  available) 

5.  D.F.  Menne,  and  F.T.  Brown,  "Sensitivity  of  105  mm  M456A1  Ammunition 
to  Attack  by  Shaped  Charges,"  Ballistic  Research  Laboratory  Memo 
Report  No.  2543,  October  1975.  (AD  #B008041L) 

6.  D.F.  Menne  and  F.T.  Brown,  "Vented  Ammunition  Compartment  Tests 
With  Live  105  mm  Ammunition,  " Ballistic  Research  Laboratory  Memo 
Report  No.  2564,  December  1975.  (AD  #B008755L) 

7.  J.N.  Majerus  and  A.B.  Merendino,  "Shaped  Charged  Jet/Propellant 
Interactions,"  Proceedings  of  the  2nd  Symposium  on  Vulnerability 
and  Survivability,"  Vol  II,  pp  63-80,  January  1977. 
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II.  EXPERIMENTAL  PROCEDURES  AND  RESULTS 


The  main  investigation  involved  impacting  various  jets  upon 
instrumented  105  mm  rounds.  This  procedure  and  its  results  aTe  dis- 
cussed first.  The  framing  camera  observations  are  then  discussed  in 
a subsequent  section. 

A.  Instrumented  105  mm  HEAT  Rounds 

The  test  site  was  a three  sided  earth-barricade  with  a steel  roof. 
Sheets  of  plywood  were  placed  across  the  entrance  in  an  attempt  to 
confine  the  unbumt  propellant  within  the  barricade.  After  each  test 
a search  was  made  of  both  the  barricade  and  the  entrance  area  for  pieces 
of  unbumt  propellant.  These  pieces  were  collected  and  weighed  so  that 
an  estimate  could  be  made  of  the  consumed  (burned  and  powdered) 
propellant. 

The  basic  arrangement  used  in  the  tests  is  shown  schematically  in 
Figure  1.  The  shot  line  of  the  attacking  warhead  was  always  located  at 
a distance  of  216  mm  from  the  base  and  19  mm  off  the  axial  center  line 
of  the  round.  This  shot  line  was  chosen  because  it  missed  the  internal 
primer  section,  and  was  the  shot- line  used  in  the  earlier  compart - 
mentalization  tests^.  Figure  2 shows  photographs  of  an  actual  set-up 
prior  to  a test. 


Several  (2-4)  crush  gages  were  located  near  the  nose  of  the  round 
(at  the  finned  section  of  the  projectile)  and  four  additional  gages 
were  positioned  at  the  base  of  the  round.  In  the  first  three  tests 
two  aluminum  and  two  copper  gages  were  located  at  the  base  position. 
The  aluminum  gage  is  limited  to  a pressure  of  approximately  53  M Pa 
(7700  psi)  and  is  calibrated  with  respect  to  lower  pressures.  The 
copper  gage  is  limited  to  a pressure  of  approximately  131  M Pa 
(19,000  psi)  and  is  not  as  sensitive  to  pressure  as  the  aluminum  gage. 
The  indicated  pressures  of  the  first  three  tests  were  quite  high  and 
the  gages  were  damaged  by  impacting  various  elements  around  the  test 
site.  Consequently,  the  remaining  tests  employed  two  iron  and  two 
copper  gages  at  the  base,  and  two  copper  and  two  aluminum  gages  at  the 
nose.  The  iron  gages  are  calibrated  for  a pressure  range  of  86.4  to 
345  M Pa  (12.5  to  50  thousand  psi),  and  provided  a check  on  the  copper 
gage  readings.  It  should  be  noted  that  the  crush  gage  readings  have 
been  found  to  be  fairly  indicative  of  the  actual  pressure^  of  the 
environment . 


The  velocity  screens  (see  Figures  1 and  2)  were  used  for 
several  purposes.  First,  the  time  elapsed  between  the  jet's  striking 
screen  #1  (t  = 0),  and  the  breaking  of  screen  #2,  is  a measure2  of 
the  type  of  propellant  reaction,  i.e.,  times  on  the  order  of  50  us 
would  be  indicative  of  a propagating  detonation  wave.  Secondly,  the 
time  elapsed  between  the  breaking  of  screens  #2  and  #3  allows  one  to 
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Figure  2.  Photographs  of  Actual  Arrangement  Prior  to  a Test 


calculate  the  velocity  of  the  base  of  the  cartridge  case.  In  general, 
this  base  velocity  should  increase  with  increasing  violence  of  the 
event . 

Initially,  only  three  velocity  screens  were  employed.  In 
order  to  be  sure  of  obtaining  a velocity  Teading  of  the  base  another 
velocity  screen  (screen  #4)  was  added  and  the  majority  of  the  tests 
used  four  velocity  screens.  Unfortunately,  the  triggering  of  the  last 
three  screens  was  erratic  and  the  readings  are  dubious.  Therefore, 
the  calculated  velocities  are  shown  listed  with  a question  mark. 

The  shaped  charge  conditions  are  listed  in  Table  I.  The  first 
seven  tests  were  concerned  with  medium  caliber  warheads  attacking  a 
simulated  ammunition  compartment.  The  81  mm  round  is  representative 
of  a post-1980  shoulder-fired  HEAT  projectile.  The  86  mm  round  can  be 
considered  as  a threat  associated  with  a penetrator  forming  type  of  a 
land  mine.  The  last  three  tests  were  concerned  with  an  ammunition 
attack  by  automatic  cannon  rounds  with  a shaped-charge  warhead®.  It 
should  be  noted  that  tests  Nos.  6 and  7 were  used  for  the  framing  cam- 
era observation  and  did  not  utilize  any  velocity  screens.  The  target 
in  all  tests  was  a complete  105  mm  HEAT  round  with  an  inert  warhead. 

The  simulated  compartment  walls  mentioned  in  Table  I refer  to  two 
plates  used  to  represent  a compartment  wall  and  a storage  tube  around 
the  ammunition  (see  Figure  3).  In  some  tests,  materials  were  placed 
along  the  jet's  path  in  order  to  reduce  the  jet’s  tip  velocity.  The 
striking  velocity  (when  less  than  the  free-flight  tip  value)  listed  in 
Table  I was  calculated  using  a modified  version^  of  the  DiPersio,  Simon 
and  Merendino  equations *0.  These  equations  have  been  shown9»ll  to 
yield  jet  striking  velocities  close  to  experimental  values. 

Also  shown  in  Figure  3 is  an  illustration  of  the  meaning  of 
the  term  < p > Q-.  The  value  of  < p > refers  to  the  average  pene- 
tration capability  of  the  shaped-charge  Into  a rolled  homogeneous  armor 
(RHA)  target  placed  at  the  location  of  the  105mm  round.  Another  pene- 
tration value  used  is  the  witness  penetration.  This  refers  to  the 


8.  R.  DiPersio,  W.H.  Jones,  A.B.  Merendino  and  J.  Simon,  "Charac- 

teristics of  Jets  From  Small  Caliber  Shaped  Charges  With  Copper  and 
Aluminum  Liners,"  Ballistic  Research  Laboratories,  Memorandum 
Report  No.  1866,  September  1967.  (AD  #823839) 

9.  A.  Merendino,  H.  Jonas,  and  W.  Jones,  "The  Effects  of  Spaced 
Steel  Plates  on  Shaped  Charge  Jets,"  Ballistic  Research  Laboratory 
Report  No.  1573  (Classified),  March  1972.  (AD  #521023L) 

10.  R.  DiPersio,  J.  Simon  and  A.B.  Merendino,  "Penetration  of  Shaped 
Charge  Jets  into  Metallic  Targets,"  Ballistic  Research  Laboratories 
Report  No.  1296,  September  1965.  (AD  #476717) 

11.  J.N.  Majerus,  "A  Model  for  Studying  the  Influence  of  Guidance 
Packages  Upon  Shaped  Charge  Warhead  Performance,"  Ballistic 
Research  Laboratory  Report  No.  1942,  November  1976.  (AD  #B015399L) 


11 


4 


Figure  3. 


Schematic  Diagram  Illustrating  the  Definition 


of  < P > 


105 


measured  penetration  of  the  jet  into  a steel  witness  located  below 
the  105  mm  round,  i.e.,  after  the  jet  has  passed  through  the  round. 

The  results  of  the  first  three  tests  are  shown  in  Figure  4 
and  the  remaining  seven  test  results  are  shown  in  Figure  5 through 
11  respectively.  Each  figure  shows  the  remnants  of  the  105  mm  cartridge 
case  which  were  recovered  after  each  test.  The  crush-gage  pressure 
readings  shown  in  each  figure  refer  to  the  lowest  and  highest  values 
recorded  at  each  location  i.e.,  the  base  and  nose  of  the  cartridge 
case.  Only  one  base  reading  is  listed  for  test  No.  8,  since  the  two 
copper  gages  gave  the  same  reading  and  the  pressure  was  too  low  for  a 
reading  of  the  iron  gages.  The  base  reading  for  test  No.  4 is  not  a 
reliable  value  since  the  two  copper  gages  were  badly  damaged  and  the 
two  iron  gages  were  not  recovered. 

The  experimental  results  are  summarized  in  Table  II  which 
lists  the  percentage  of  propellant  recovered,  and  the  average  crush- 
gage  pressures  <CGP>  at  both  locations  in  the  cartridge  case.  Inspec- 
tion of  Figures  4 through  11  and  the  data  in  Table  II  reveal  certain 
general  trends.  First,  the  damage  to  the  cartridge  case  increases 
with  increasing  values  of  crush-gage  pressures  <CGP>.  The  cartridge 
case  fracture  associated  with  the  low  pressure  events  (<CGP>  * 11.7 
M Pa  of  the  base)  involved  a localized  area  near  the  point  of  impact 
where  the  case  just  split  open  or  split  open  and  ejected  one  large 
fragment.  This  fragment  corresponded  to  the  wall  of  the  cartridge  case 
closest  to  the  jet  path.  However,  when  the  pressure  events  were  high 
(<CGP>  i 40  M Pa  at  the  base) , the  cartridge  case  fragmented  into  many 
pieces.  In  many  cases  the  cartridge  case  damage3  was  more  severe  than 
that  observed  for  either  electrical  ignitionl2  or  cook-off  of  the 
105  mm  round.  It  also  appears  that  for  these  high  pressure  events, 
the  higher  the  value  of  <CGP>,  the  smaller  the  fragment  size.  In  the 
most  violent  events,  the  cartridge  case  is  completely  stripped  off  of 
the  base  plate. 

The  second  observation  is  concerned  with  the  pressure  magni- 
tudes. The  nose  and  base  pressure  readings  appear  to  correlate  in  that 
the  nose  pressure  increases  when  the  base  pressure  increases.  For  the 
low  pressure  events  (<CGP>  < 11.7  M Pa  at  the  base),  the  nose  and 
base  pressures  are  about  the'sarae.  However,  the  nose  and  base  pressure 
are  different  for  the  high  pressure  events  (<CGP>  2 40  M Pa  at  the 
base).  This  is  analogous  to  what  was  observed3*12  for  electrical 
ignition  and  cook-off  , except  that  the  ratio  between  the  base  and  nose 
pressures  is  different.  The  ratios  obtained  from  Table  II  range  from 
2.4  to  4.5  (the  value  of  5.0  for  test  No.  4 is  questionable),  with 
four  of  the  ratios  being  2.4,  2.5,  2.6  and  2.9.  The  ratio  associated 

TF.  C.R.  Ruth  and  J.M.  Frankie,  "Rupture  Pressures  for  Metal  Cartridge 
Cases,"  Ballistic  Research  Laboratories,  IMR  NO.  236,  June  1974. 
(not  available) 


Results  of  Tests  1 through  3 


TEST  NUMBER  4 

SHAPED  CHARGE:  86.5  MM  CU  HEMI,  COM  B 
-1.75  MM,  Vc  =3.6  Km/s 


<V  ->  = 650  M/S  <V  _>  = 190  M/S 

" Readings  are  questionable 
MASS  OF  RESIDUAL  PROPELLANT  = 855  GRAMS 

CRUSH  GAGE  PRESSURES 
NOSE:  15.9  - 35.2  MPa  (2300  - 5100  PSI) 

BASE:  133  (?)  (GAGES  DAMAGED)  MPa 
WITNESS  PENETRATION:  41  W 


Figure  5.  Results  of  Individual  Tests  4 


TEST  NUMBER  5 


SHAPED  CHARGE:  86.5  MM  CU  HEMI,  COMP  B 
<P.nc>  = 100  MM,V_  = 2.5  W/yS 


MASS  OF  RESIDUAL  PROPELLANT  = 499  GRAMS 
CRUSH  GAGE  PRESSURES 


WITNESS  PENETRATION:  35  MM 


Figure  6,  Results  of  Individual  Test  5 


TEST  NUMBER  6 

SHAPED  CHARGE:  86.5  MM,  CU  HEMI,  COMP  B 
<P105>  = 175  MM,  VJQ  =3.4  NW/yS 


CRUSH  GAGE  PRESSURES: 

NOSE:  18.0  - 36.6  MPa  (2600  - 5300  PSI) 

BASE:  82.7  - 12.8  MPa  (12000  - 18600  PSI) 

WITNESS  PENETRATION:  150  + MM 

(Penetration  exceeded  thickness 
at  witness) 


Figure  7. 


Results  of  Individual  Test  6 


TEST  NUMBER  7 


SHAPED  CHARGE:  86.5  MM,  CU  HEMI,  COMP  B 
<Pinc>  = 200  MM,  VTn  = 3.7  NW/pS 


CRUSH  GAGE  PRESSURES 


WITNESS  PENETRATION:  125 


Figure  8.  Results  of  Individual  Test  7 


TEST  NUMBER  8 


SHAPED  CHARGE:  19  MM  20°  CU 
< P >1Q5  = 75  MM,  Vg  = 8.9  MM/pS 


< V > = 450  M/S  < V,_>  = 445  M/S 

1 **  Readings  are  questionable. 

MASS  OF  RESIDUAL  PROPELLANT  = 2278  GRAMS 
CRUSH  GAGE  PRESSURES 
NOSE:  3.0  - 14.5  MPa  (440  - 2100  PSI) 

BASE:  6.2  - 7.6  MPa  (900  - 1100  PSI) 

WITNESS  PENETRATION:  1.6  MM 

Figure  9.  Results  of  Individual  Test  8 
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TEST  NUMBER  10 


SHAPED  CHARGE:  18MM,  CU  CAP,  COMP  B 
<P>  105  " 50’  VS  = 3*7/wS 


<VJ2>  = NA,  <V23>  = NA 

MASS  OF  RESIDUAL  PROPELLANT  = 3599  GRAMS 
CRUSH  GAGE  PRESSURES 
NOSE:  2.3  - 4.8  MPa  (330  - 700  PSI) 
BASE:  2.1  - 4.8  MPa  (300  - 700  PSI) 
WITNESS  PENETRATION:  0.8  MM 


Figure  11.  Results  of  Individual  Test  10 
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electrical  ignition  and  cook-off  ranges  from  1.8  to  2.1. 


1 


Another  observation  deals  with  the  amount  of  recovered  pro- 
pellant and  the  average  crush-gage  pressures.  Neither  the  high  pressure 
(Tests  No.  1 through  7),  nor  the  low  pressure  (Tests  No.  8 through  10) 
events  exhibit  an  increase  in  pressure  with  decreasing  recovered-pro- 
pellant. Due  to  the  difficulty  of  recovering  the  propellant  even  under 
ideal  circumstances^,  this  lack  of  correlation  may  be  due  to  the  in- 
accuracy of  propellant  recovery.  However,  there  appears  to  be  a defi- 
nite demarcation  between  the  high  and  low  pressure  events;  about  50% 
of  the  propellant  was  recovered  for  all  the  low  pressure  events  whereas 
less  than  25%  of  the  propellant  was  recovered  for  all  the  high  pressure 
events. 

B.  Framing  Camera  Observations. 

Tests  No.  6 and  7 involved  a direct  observation  of  an  impacted 
105  mm  round.  This  observation  used  a model  192  Beckman  and  Whitley 
framing-camera,  which  provides  eighty  frames  and  a maximum  framing-rate 
of  1,440,000  frames  per  second.  The  only  difference  between  tests  No. 

6 and  7 was  the  presence  of  a simulated  compartment  wall  in  test  No. 

6.  A schematic  diagram  of  the  overall  test  set-up  is  shown  in  Figure 

12. 


A fixed  reference-grid  (25.4  x 25.4  mm)  was  superimposed  upon 
the  film  by  statically  exposing  the  film  to  a back-lit  precision  grid 
which  was  located  at  the  same  distance  from  the  camera  as  the  jet 
impact . 

Due  to  a malfunction  in  the  timing  mechanism  the  external 
light-source  was  on  during  only  a small  portion  (16  frames)  of  the 
impact  event  in  test  No.  6.  However,  sufficient  light  was  generated 
by  the  propellant  reaction  so  that  a faint  image  was  evident  for  about 
55  frames  (separated  by  4 vis  for  a total  time  of  220  ms)  after  jet 
impact.  Figure  13  shows  the  spall-debris  and  the  105  mm  round  at  a 
time  of  0.5  vis  after  impact.  Radiographs  taken  after  a jet  has  exited 
a plate  show  that  the  jet  tip  is  at  the  foremost  edge  of  the  debris 
along  the  jet's  path.  Therefore,  using  the  debris  cloud  as  a function 
of  time  gives  the  speed  of  the  jet. 

The  gray  line  near  the  bottom  of  the  round  shown  in  Figure 
14  corresponds  to  the  luminosity  induced  by  the  jet  as  it  exits  from 
the  cartridge  case.  The  photograph  in  Figure  15  shows  the  jet  debris 
striking  the  top  of  the  witness  material,  that  is,  the  dark  horizontal 
line  near  the  bottom  of  the  photograph  which  corresponds  to  impact - 
induced  luminosity.  Based  upon  the  distance  from  the  exit  location 


13.  J.D.  Knapton,  I.C.  Stobie,  R.H.  Comer,  L.  Stansbury,  and  R.L. 
Mortz,  "Vigorous  Ignition  of  M30  Propellant,"  Ballistic  Research 
Laboratory,  IMR  No.  397,  June  1975.  (not  available) 
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Figure  12.  Schematic  Diagram  of  Test  Arrangement  Used 
for  Framing  Camera  Observations 
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Figure  13.  Photograph  of  Spall  Debris  and  105  mm  Round  at 
a Time  of  0.5  ps  Prior  to  Impact  for  Test  6 
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Figure  15. 
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Photograph  showing  Jet  Debris  Striking  Top  of 
Witness  for  Test  6 
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to  the  top  of  the  witness,  and  the  lapsed  time  (40  ys)  between  the 
events,  the  average  speed  shown  in  Table  III  is  obtained.  Table  III 
also  lists  other  speeds  measured  in  tests  No.  6 and  7,  and  contains 
some  theoretical  values  based  upon  incompressible  theory*. 

One  other  observation  of  test  No.  6 involves  the  motion  of 
the  cartridge-case  base  plate.  In  the  39th  frame  taken  after  jet  im- 
pact, a thin  vertical-line  corresponding  to  the  base  plate  is  still 
evident.  The  location  of  this  line  was  measured  with  respect  to  a 
fixed  vertical  fiducial  line.  This  measurement  reveals  that  the  base 
plate  did  not  move  during  this  time  interval  (156  ys)  . 

Some  of  the  photographic  results  'obtained  during  test  No.  7 
are  shown  in  Figures  16  through  21.  A total  of  67  frames  were  re- 
corded after  impact.  The  time  between  each  frame  is  4.0  ys  and  hence 
the  cartridge  case  was  observed  for  268  ys  after  jet  impact.  The 
majority  of  the  frame-by-frame  observations  are  shown  in  Appendix  A. 
Figure  16  shows  the  jet  just  prior  to  impact  on  the  cartridge  case. 

Note  the  rather  massive  jet-tip  associated  with  this  particular  shaped- 
charge  jet.  Figure  17  shows  the  jet  and  cartridge  case  right  at  the 
time  of  impact.  In  Figure  18  the  jet  is  beginning  to  exit  the  round 
at  a time  of  48  ys  after  impact.  Multiple  off-axis  impacts  on  the 
bottom  of  the  cartridge  case  are  evident  at  a time  of  52  ys  after  im- 
pact (see  Figure  19) . The  top  of  the  witness  is  struck  by  the  jet 
at  a time  of  88  ys  after  impact  (Figure  20) . Figure  21  shows  the 
remnants  of  the  cartridge  case  at  a time  of  112  ys  after  impact. 

The  base  plate  of  the  cartridge  case  is  clearly  in  view  up 
to  a time  of  120  ys.  Beyond  this  time  the  base  plate  is  slowly 
obscured  by  the  propellant  gases.  However,  enough  is  visible  to 
ascertain  that  the  base  plate  had  not  moved  during  the  268  ys  of 
observation.  Note  that  the  times  recorded  in  tests  No.  1-3  and  5, 
as  the  times  required  after  impact  for  the  base  plate  to  perforate  the 
second  velocity-screen  (see  Figure  1),  were  373,  291,  296  and  315  ys 
respectively.  However,  if  a detonation  occurs  over  the  entire  pro- 
pellant bed,  the  disturbance  should  propagate  at  least  on  the  order  of 
a compressive  wavei3  (-  3 km/s).  Based  on  the  impact  location,  no 
more  than  70  ys  would  be  required  for  a detonation  wave  to  reach  the 
base  plate.  Therefore,  both  the  framing  camera  and  velocity-screen 
observations  indicate  that  a detonation  did  not  occur  over  the  entire 
length  of  the  105  mm  round. 

Table  III  contains  the  data  associated  with  several  other 
observations  on  test  No.  7.  First,  case-fragments  near  the  path  of 


♦Penetration  velocity  is  always  decreased  due  to  compressibility  effects 
and  hence  the  penetration  time  increases.  Based  upon  the  compressi- 
bility behavior  of  M-30  propellant  as  estimated  by  Dr.  R.  Frey  of 
TBD,  compressibility  effects  would  account  for  about  a five  percent 
reduction  in  the  average  penetration  velocity.  The  above  framing- 
camera  data  indicates  about  a 10%  reduction  in  the  average  penetration- 
velocity. 
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TABLE  III 

QUANTITIES  MEASURED  IN  TESTS  6 AND  7,  AND 
COMPARISONS  WITH  SOME  THEORETICAL*  VALUES. 


PLYWOOD 
STANDOFF  BOX 


PLYWOOD 
SHIELD!  ! 


SHAPED ‘CHARGE 
JET 


105  mm  ROUND 


.WITNESS 

MATERIAL 


SUPPORT 


105  mm 

CARTRIDGE  CASE 


AXIAL  CLOUD 


HIGH  VELOCITY 
PARTICLES 


KITING  JET 


Figure  20.  Photograph  Taken  88.0  jis  after  Inpact  for  Test  7 


PHOTOGRAPH  TAKEN  112  /*s  AFTER  SHAPED  CHARGE  JET 

IMPACTED  THE  105  mm  ROUND 


Figure  21.  Photograph  Taken  112  ps  after  Impact  for  Test 


the  jet  may  acquire  a substantial  amount  of  energy.  For  example,  the 
average  speed  (see  Table  III)  of  the  fragment  labeled  "Bottom  Fragment" 
in  Figures  20  and  21  was  measured  for  twelve  consecutive  frames.  This 
average  speed,  combined  with  the  fragment's  mass  (-10  gr) , could  in- 
duce a reaction  if  the  fragment  impacted  another  live  105  mm  round**. 
Secondly,  the  two  highly  reflective  areas  illustrated  in  Figures  20  and 
21  were  monitored  out  to  168  us  after  impact.  The  authors  believe  these 
two  reflective  areas  to  be  highly  distorted  case-material  which  are 
driven  by  the  propellant  reaction.  Therefore,  monitoring  these  areas 
should  provide  insight  into  the  propagating  reaction*.  The  observed 
speed  (1.32  ± 0.2  km/s)  is  fairly  close  to  an  estimated  separation- 
speed  of  1.1  km/s  based  upon  a radiographically- inferred  burning  rate *5 
of  0.55  km/s. 


III.  DISCUSSION 

In  this  section  we  will  review  various  interpretations  of  the 
experimental  results,  introduce  the  concept  of  three  types  of  jet/ 
propellant  reaction,  discuss  the  correlation  between  deposited  kinetic- 
energy  and  the  type  of  reaction,  and  lastly,  present  some  data  obtained 
for  hypervelocity  particles. 

A.  Interpretation  of  Experimental  Results. 

One  possible  interpretation  of  the  data  in  Table  II  and  Figures  4- 
11  is  that  there  is  no  distinction  between  violent  events,  and  that 
< P>jq5  S 75  mm  always  induces  a non-violent  event.  However,  the 

authors  will  show  that  this  interpretation  is  erroneous  because  of  two 
observations.  First,  there  are  definitely  various  types  of  violent 
events**  and  second,  unless  one  accounts  for  penetrator  diameter,  there 
is  no  a priori  value  of  penetration  which  acts  as  a demarcation  between 
the  violent  and  non-violent  events. 

14.  D.L.  Coll is,  J.F.  Forster,  and  J.P.  McLain,  "Vulnerability  of 
Propellant-Filled  Munitions  to  Impact  by  Steel  Fragments," 

Ballistic  Research  Laboratory  Contract  Report  No.  65,  March,  1972. 

15.  J.N.  Majerus,  T.H.  Martin  and  W.H.  Jones,  "Interaction  Between 
Shaped  Charge  Jets  and  Granular  Media,"  Ballistic  Research  Labora- 
tory Memo.  Report  No.  2655,  August,  1976.  (AD  #B013221L) 

* Appendix  C discusses  an  ionization  probe  test  used  to  measure  the 
propagating  flame  front.  The  results  of  this  test  indicate  that  the 
propagation  rate  rapidly  slows  down,  and  has  a value  around  0.8  km/s 
at  a location  100  mm  from  jet  impact. 

**There  are  two  other  independent -sources  of  this  observation.  First, 
ammunition-compartment  studies  conducted  at  MTD  have  yielded 
reactions  with  <CGP>  (at  the  base)  ranging  from  ten  MPa  to  several 
hundred  MPa.  Secondly,  live  105  mm  rounds  which  were  impulsively 
loaded1*  using  a sheet  of  explosive  wrapped  partially  around  an  exterior 
Sleeve,  produced  events  whose  violence  ranges  from  that  of  electrical 
ignition  to  considerably  more  violent  than  electrical  ignition. 
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The  first  observation  deals  with  the  violence  of  the  event.  This 
violence  was  qualitatively  ranked  using  the  average  nose  and  base 
pressure  readings,  the  variations  in  the  readings  and  the  cartridge 
case  damage.  The  results  of  this  qualitative  ranking  are  shown  in 
Table  IV.  Also  listed  are  the  crush-gage  pressure  values  and  the 
qualitative  cartridge-case  damage.  Overall,  there  appear  to  be 
three  types  of  reactions  associated  with  the  impacted  105  mm  round. 

These  three  types  will  be  referred  to  as  severe,  moderate  and  non- 
violent. The  first  type  (severe)  is  reminiscent  of  a deflagration  of 
high  explosive  whereas  the  second  type  (moderate)  is  similar  to  that 
observed  for  an  unconfined  105  mm  round  electrically  ignited.  The  last 
type  (non-violent)  is  analogous  to  hydrostatically  rupturing  the  case, 

possibly  due  to  hydrodynamic  jet -pressures.  Table  IV  also  ranks  each  test 
according  to  decreasing  severity  within  each  type  of  reaction.  Tests 
No.  4 and  6 were  estimated  to  be  of  the  same  severity  and  hence  listed 
on  the  same  line  in  Table  IV. 

Table  V lists  a comparison  of  the  observed  ranking  of  violence 
with  predicted  ranking  of  violence  based  upon  various  jet-parameters. 

The  jet  parameters  are  striking  velocity  (see  Table  I),  stagnation  or 
impact  pressure,  jet  diameter  (see  Table  I),  estimated  penetration 
capability  <P>inc»  an<j  the  jet's  energy  or  momentum  lost  while  per- 
forating the  propellant  bed.  Note  that,  since  all  the  jets  were  of  the 
same  material,  the  ranking  based  on  impact  or  stagnation  pressure  will 
be  exactly  the  same  as  the  ranking  based  on  the  striking  velocity. 

The  estimated  penetration-capability  (on  an  average  basis)  was 
determined  either  from  known  penetration  versus  standoff  behavior  for 
free-flight  jets  (Tests  No.  7-10),  experimentally  measured  (Test  No. 

3),  or  else  calculated  using  the  modified  DSM  theory®  and  the  known 
jet-characteristics  and  penetration-standoff  data  for  each  particular 
charge  (Tests  1,2, 4-6).  The  uncertainties  (on  an  average  basis)  for 
these  calculated  penetrations  are  about  ± 25  mm.  The  calculated  values 
of  deposited  (lost)  jet-energy  and  momentum  are  based  upon  the  assump- 
tions of  an  incompressible,  constant  diameter,  ideal -jet  perforating 
an  incompressible  propellant  bed.  The  model  and  computer  program  used 
to  calculate  these  values  can  be  found  in  reference  16. 

Certain  observations  can  be  made  from  inspection  of  Table  V.  First 
of  all,  striking  velocity  (or  stagnation  pressure  or  Hugoniot  pressure) 
cannot  be  the  critical  parameter  since  two  of  the  non-violent  reactions 
are  predicted  to  be  severely  violent,  and  three  fourths  of  the  severe  re- 
actions are  predicted  to  be  non-violent.  The  next  parameter,  jet 
diameter,  predicted  the  tests  to 

TiT  J.N.  Majerus,  and  J.  Barb,  "IMPULSE:  Computer  Program  For  Estimat- 
ing Impulse,  Energy  and  Pressure  Applied  by  a Perforating  Jet," 
Ballistic  Research  Laboratory  Memorandum  Report  in  preparation. 
•Entries  on  the  same  line  within  a box  indicate  approximately  - equal 
predicted  violence. 
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fall  correctly  within  each  type  of  reaction,  except  for  tests  No.  3 and 
5.  This  indicates  that  jet  diameter  is  strongly  involved  in  governing 
the  type  of  reaction.  However,  this  parameter  (jet-diameter)  predicts 
no  distinction  between  events  within  a specific  type  of  reaction  where 
the  ranking  is  opposite  to  that  observed.  The  remaining  three  jet 
parameters  (penetration  capability,  and  the  jet's  deposited  momentum 
and  energy)  also  predict  the  tests  to  fall  correctly  within  each  type 
of  reaction,  except  for  tests  No.  2,3  and  5.  Furthermore , these  three 
parameters  permit  a ranking  within  each  specific  type  of  reaction. 

Hence,  to  select  further  from  these  parameters,  one  must  compare  the 
observed  ranking  for  a specific  test  with  the  individual  parameter  for 
that  particular  test.  If  the  parameter  is  the  critical  one,  there 
should  be  a systematic  change  in  the  parameter  with  decreasing  violence. 

Table  VI  lists  the  observed  test-violence  and  three  jet-parameters 
corresponding  to  each  test.  Based  upon  the  estimated  penetration  capa- 
bility, test  No.  2 should  be  the  most  violent.  However,  it  yielded 
only  a moderately  violent  reaction.  Next,  contrary  to  what  was  observed, 
tests  No.  7,4  and  6 should  be  of  equal  violence  (same  penetration  to 
within  the  uncertainty  of  ± 25mm),  and  less  violent  than  test  No.  2. 

Also,  since  the  average  penetration  associated  with  test  No.  1 is 
calculated  (±  25  mm) , it  could  be  considered  as  having  the  same  pene- 
tration capability  as  that  associated  with  tests  No.  8 and  9.  This 
negates  an  inference  that  there  is  a 25  mm  demarcation  between  the 
moderate  and  non-violent  events,  i.e.,  <P>jq5  ^ *00  mm  induces  at 

least  moderately  violent  events,  whereas  <P>jq,.  < 75  mm  induces 

non-violent  events.*  This  will  be  discussed  further  in  Section  1II-C. 

The  remaining  two  parameters  are  the  jet's  deposited  momentum  and 
energy.  Note  that  these  parameters  involve  the  jet's  diameter  which 
was  already  shown  to  strongly  influence  the  type  Of  reaction.  Also, 
the  value  of  energy  or  momentum  associated  with  multiple  jet  impacts 
is  obtained  by  adding  together  the  individual  values.  This  distinguishes 
between  multiple  and  single  impacts  whereas  this  distinction  is  not 
possible  using  the  penetration  criteria.  Therefore,  it  was  intuitively 
felt  that  jet  momentum  or  energy  should  yield  a better  correlation  than 
penetration** . 


* Also,  private  communication  with  Mr.  F.T.  Brown  of  VMT  revealed 
that  a value  of  <P>105  - 60  mm  has  caused  violent  high-pressure 

events  when  large-caliber  shaped-charge  warheads  are  involved  in 
ammunition  compartment  studies. 

**  The  impulsive  tests^  (which  were  conducted  after  the  tests  described 
in  this  report)  have  further  substantiated  this  hypothesis. 


B.  Kinetic  Energy  Hypothesis 


Because  of  the  small  magnitudes  of  the  crush-gage  pressures 

<CGP>  associated  with  the  nose  location,  the  regions  of  violence  are 
nose  ° 

not  dramatically  illustrated  using  <CGP>  . Therefore,  the  three 

nose 

regions  of  violence  (non-violent,  moderate  and  severe)  are  best  seen 
using  the  average  crush-gage  pressures  <CGP>base  at  the  base  of  the 

cartridge  case.  Figure  22  shows  a schematic  diagram  of  the  three  regions 
of  violence  with  respect  to  pressure  magnitudes  and  deposited  kinetic- 
energy.  The  pressure  levels  shown  for  the  various  regions  correspond 
to  the  pressure  levels  previously  discussed,  except  that  the  upper 
bounds  (-  20  and  - 70  MPa)  on  the  non-violent  and  moderate  regions 
are  somewhat  arbitrary.  No  upper  bound  is  shown  if  Figure  22  for  the 
region  of  severe  violence  because  it  may  be  possible  to  achieve  pres- 
sures on  the  order  of  200  MPa.  The  two  vertical  dashed- lines  denote 
the  demarcations  between  the  non-violent /moderate  and  the  moderate/ 
severe  regions.  These  two  demarcation-values  of  energy  will  be  termed 
the  threshold- energy  values,  Ej  and  Ejj.  Another  important  parameter 

shown  in  Figure  22  is  the  threshold  width  AE  which  is  indicative  of  the 
uncertainty  associated  with  the  threshold  energies.  In  general,  a 
threshold  width  (AE^  and  AH j j ) may  be  associated  with  both  of  the 

threshold- energy  values. 

It  is  postulated  that  these  threshold-energy  values  depend  mainly 
upon  the  specific  propellant*,  whereas  the  influence  of  the  jet/armor 
combination  can  be  predicted  using  an  appropriate  jet-energy  theory. 
Therefore,  once  the  threshold-energy  values  are  determined  experi- 
mentally for  a specific  propellant*,  A posteriori  predictions  of  the  level 
of  violence  could  be  made. 


Figure  23  shows  an  application  of  the  threshold-energy  concept  to 

the  data  in  Table  VI.  This  figure  contains  a plot  of  <CGP>  and 

* nose 

<CGP>kase  as  a function  of  the  deposited  kinetic-energy.  As  noted 

earlier,  there  is  a considerable  difference  in  the  crush-gage  pressures 
associated  with  the  nose  and  base  locations.  The  threshold  values  Ej 
= 10  kJ  and  = 50  kJ  were  somewhat  arbitrarily  selected.  Since 


this  study  was  not  aimed  at  establishing  specific  criteria  for  M-30 
propellant**,  no  attempt  was  made  to  ascertain  the  threshold  widths. 


* If  the  propellant  casing  is  made  from  an  energetic  material  the  cas- 
ing must  also  be  considered. 

**  Such  a study  is  currently  being  conducted  using  the  methods  and 
concepts  presented  in  this  report. 


Figure  22.  Schematic  Diagram  of  the  Three  Regions  of  Violence  with 
Respect  to  Pressure  Magnitudes  and  Deposited  Kinetic-Energy 


Figure  23.  A Plot  of  the  Deposited  Kinetic  Energy  and  Average  Crush-Gage 
Pressure-Readings  Associated  with  Tests  Number  1 through  10 


All  the  data  in  Figure  23  are  contained  within  the  various  regions, 
except  for  the  data  involving  numerous  mis-aligned  particles*  (Test 
No,  3). 


This  misalignment  of  particles  is  deduced  from  inspection  of  the 
RHA  plate  (9.7  mm  thick)  which  the  jet  passed  through  prior  to  striking 
the  105  mm  round.  Figure  24  shows  the  RHA  plates  associated  with  tests 
No.  1 through  3.  The  plate  for  test  No.  2 exhibits  the  usual  round 
hole  associated  with  an  axially  aligned  jet.  The  plates  associated  with 
tests  No.  1 and  3 exhibit  unsymmetrical  holes  which  are  indicative  of 
off-axis  jet  impacts.  A large  amount  of  off-axis  jet  material  has 
impacted  and  perforated  the  plate  associated  with  test  No  3.  A 
considerably  smaller  amount  of  off-axis  jet  material  has  perforated  the 
plate  used  in  test  No.  2.  As  will  be  discussed  later,  mis-aligned 
particles  cause  the  calculated  values  of  deposited  kinetic-energy  to 
be  less  than  the  actual  values.  This  causes  the  data  point  for  a 
mis-aligned  jet  to  be  shifted  to  the  left  of  its  actual  location.  A 

threshold  value  of  ETT  = 50  kJ  implies  that  E . , 2 E , . . 

II  r actual  calculated 

for  the  data  point  associated  with  numerous  mis-aligned  particles 


(see  Figure  23) . Such  a difference  between  E 


and  E 


"actual 

is  quite  possible  for  highly  mis-aligned  jet -particles. 


calculated 


The  data  shown  in  Figure  23  indicate  that  there  are  several  factors 
which  complicate  the  application  of  any  sort  of  critical  value.  These 
factors  involve  both  multiple  off-axis  impacts,  and  the  uncertainty  AE 
of  the  demarcation  between  the  regions  of  violence.  The  uncertainty 
AE  approaches  zero  the  following  conditions  are  satisfied:  (a)  no 
round-to-round  variation  in  either  the  shaped-charge  jet  or  the  pro- 
pellant bed,  (b)  the  critical  value  (deposited  kinetic-eneggy)  is  cal- 
culated exactly  for  all  jet/armor  combinations,  and  (c)  the  concept  of 
a critical  value  (energy-threshold)  is  correct.  Since  there  are  always 
round-to-round  variations,  condition  (a)  can  never  be  completely  satis- 
fied. Hence,  a number  of  rounds  must  be  tested  in  order  to  establish 
both  E and  AE.  Furthermore,  in  order  to  check  the  concept  (condition 
c),  one  needs  to  eliminate  the  uncertainty  due  to  the  calculated  value 
of  E.  This  can  be  accomplished  by  conducting  tests  where  the  deposited 
kinetic-energy  is  independent  of  the  jet  assumptions.  Such  tests  have 
been  conducted  and  are  reported  in  Section  III-C. 


Multiple  off-axis  impact  is  the  remaining  factor  which  complicates 
the  application  of  any  critical  value.  For  shaped-charge  warheads, 
multiple  off-axis  impacts  will  involve  particles  from  the  same  jet**. 


* Private  communication  with  Mr.  D.F.  Menne  of  VMT  revealed  that  a 
similar  observation  has  been  made  for  some  anomalous  violent - 
reactions  occurring  during  ammunition  compartment  studies. 

**  The  probability  of  the  jets  from  two  warheads  hitting  the  same  round 
of  ammunition  is  quite  low.  If  multiple  jets  attack  the  same  round, 
the  spacing  (both  spatial  and  temporal)  between  impacts  is  a critical 
parameter  which  must  be  considered. 
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HOLE  CONTOURS 


Figure  24 


Holes  Induced  in  9.7  mm  Thickness  of  RHA  by  Jets 
Associated  with  Tests  1 through  3 


These  off-axis  impacts  are  due  to  continuous  jets  which  either  curve* 
away  from  the  shot- line  or  exhibit  waviness  along  its  length,  or  dispersed 
jet-particles  traveling  off-axis  (see  Figure  25).  All  of  these  off-axis 
impacts  deposit  more  energy  into  the  propellant  because  a larger  length 
of  jet  is  used  to  perforate  the  propellant.  Similarly,  yawed  on-axis 
particles  will  also  deposit  more  energy  than  aligned  particles.  Figure 
26  illustrates  the  situation  for  an  inclined  continuous-jet,  whereas 
Figure  27  is  a schematic  representation  for  yawed  jet-particles  on  axis 
The  equations  shown  in  Figures  26  and  27  illustrate  that,  depending  upon 
the  inclination  and  other  jet  conditions,  off-axis  and  yawed  impacts  can 


deposit  considerable  more  energy  than  the  ideal-jet  case.  Therefore,  if 
situations  arise  where  curved  jets  or  yawed  particles  might  strike  the 
anmunition,  it  is  recoimnended  that  radiographic  observations  of  the 
jet's  condition  be  made.  Then,  based  on  this  radiographic  information, 
a better  estimate  of  the  deposited  kinetic-energy  can  be  made. 


C.  Verification  of  Hypothesis  Using  Hypervelocity  Particles. 


Since  the  calculated  values  of  the  jet's  kinetic  energy  are  de- 
pendent upon  various  assumptions  concerning  the  jet,  we  would  like  to 
confirm  the  violence  versus  energy  results  by  an  independent  method. 

If  we  used  a hypervelocity  particle  whose  mass  was  entirely  expended  in 
penetrating  the  propellant  bed,  then  the  deposited  kinetic  energy  is 
known.  Therefore,  three  experiments  were  conducted  using  hypervelocity 
particles  of  known  mass  and  velocity.  The  105  mm  round  was  instrumented 
as  discussed  in  Section  IIA  and  the  details  of  the  hypervelocity  experi- 
ments are  presented  in  Appendix  B. 

One  experiment  (Test  No.  11)  used  a hypervelocity  aluminum  rod*7 
whose  average  penetration  capability  into  rolled  homogeneous  armor 
(RHA)  is  29  mm.  The  other  two  experiments  (Tests  No.  12  and  13)  em- 
ployed hypervelocity  disks  (propelled  by  an  air-cavity  charge18)  whose 
average  penetration  capability  into  RHA  is  about  13  mm.  Test  No.  12 
used  air  cavity  charges  with  a 7.62  mm  air  cavity  whereas  test  No.  13 
employed  charges  with  a 5.08  mm  air  cavity.  These  hypervelocity  disks 
were  selected  because  their  penetration  capability  and  velocity  is  low 
compared  to  that  of  a shaped-charge  jet.  However,  the  disk's  mass  is 
large  compared  to  that  of  a typical  jet  particle.  Therefore,  the 
results  from  the  disks  should  provide  additional  insight  into  the  role 
of  penetration  capability,  and  of  the  deposited  momentum  versus  energy. 


*Transverse-velocity  components  due  to  either  warhead  fabrication  or 
terminal  flight-characteristics  (J.  Majerus,  V.  Kucher  and  J.  Simon, 
"Influence  of  Transverse  Velocity  Upon  The  Penetration  Performance  of 
Shaped  Charge  Warheads,"  Ballistic  Research  Laboratory  Memo.  Report 
No.  2742,  April  1977). 

17.  A Merendino,  J.M.  Regan,  and  S.  Kronman,  "A  Method  of  Obtaining  a 
Massive  Hypervelocity  Pellet  From  a Shaped  Charge  Jet,"  BRL 
Memorandum  Report  No.  1508,  August  1963.  (AD  #425673) 

18.  J.H.  Kineke  and  L.S.  Holloway,  "Macro-Pellet  Projection  With  an 
Air  Cavity  High  Explosive  Charge,  "BRL  Memorandum  Report  No.  1264, 
April  1960.  (AD  #237944) 
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iographs  Taken  of  a Shaped-Charge  Jet  after  Passing 
ugh  M30  Propellant  Beds  of  Various  Sizes 


JET  LENGTH «L 


7 


AL  * 


PROPELLANT  PATH 


JET  WITH  A UNIFORM 
TRANSVERSE  VELOCITY 
AND  JET  LENGTH  L 

Path  Length  Depends 
Uron  the  Jet's 
Transverse  Velocity 


DEPOSITED  ENERGY  ~ (Vs3/V#-V#2) 


Figure  26.  Schematic  Diagram  Showing  Influence  of  Jet  Curvature 
Upon  the  Jet  Length  AL  and  Exit  Velocity  Ve 
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Note  that  an  attempt  was  made  to  duplicate  the  air-cavity  charges 
used  in  reference  18.  However,  a radiograph  taken  of  a free-f light 
hypervelocity  disk  (same  charge  design  as  Test  No.  13)  showed  that  its 
mass  and  velocity  were  lower  than  the  reference  values.  Therefore,  we 
suspect  that  the  actual  values  associated  with  test  No.  12  are  also 
lower  than  the  reference  values.  However  no  free-f light  radiographs 
were  taken  of  this  charge  design  (test  No.  12),  and  hence  the  reference 
values  were  used  in  calculating  the  momentum  and  energy  (see  Table  VII). 

Test  No.  12  used  two  and  test  No.  13  used  three  simultaneously 
detonated  charges.  The  simultaneous  impacts  on  the  105  mm  round  were 
separated  by  a distance  of  50.8  mm  between  the  centerlines  of  the  disks 
(see  Appendix  B) . This  distance  was  arbitrarily  selected  as  being  an 
upper  bound  on  the  dispersion  between  jet  particles  associated  with 
multiple  off-axis  impacts. 

Table  VII  lists  the  calculated  values  of  energy  and  momentum 
associated  with  the  hypervelocity  particles.  Note  that  the  momentum 
for  a single  particle  is  essentially  the  same  for  tests  No.  12  and  13. 
Hence,  if  the  violence  depends  upon  the  momentum  of  only  one  impact, 
the  violence  for  tests  No.  12  and  13  should  be  about  the  same.  If  the 
violence  depends  upon  the  total  momentum,  then  test  No.  13  should  be 
the  most  violent  of  all  thirteen  tests,  test  No.  12  must  yield  a severe 
reaction,  and  test  No.  11  should  yield  a moderate  reaction  (see  momentum 
values  in  Table  VI) . 

If  the  critical  value  is  associated  with  the  energy  of  only  a single 
particle,  the  values  in  Table  VII  indicate  that  test  No.  11  should  be 
the  most  violent  of  all  thirteen  tests  (see  energy  values  in  Table  VI), 
whereas  tests  No.  12  and  13  should  yield  about  the  same  violence. 
Furthermore,  the  jet-energy  values  listed  in  Table  VI  imply  that  tests 
No.  12  and  13  should  yield  events  of  moderate  violence.  However,  if 
the  critical  value  depends  upon  the  total  deposited  energy,  than  test 
No.  12  should  yield  moderate  violence  whereas  test  No.  13  should  produce 
a severe  event.  Based  on  total  deposited  energy,  test  No.  11  should  be 
the  most  violent  of  all  thirteen  tests. 

If  the  critical  value  corresponds  to  the  penetration  capability 
being  > 75  ram,  then  tests  No.  11-13  should  yield  non-violent  events. 

Table  VIII  lists  various  values  associated  with  tests  No.  11 
through  13  and  the  remnants  of  the  cartridge  case  for  tests  No.  >11 
through  13  are  shown  in  Figure  28.  Again,  the  rounds  with  the  highest 
crush-gage  pressures  exhibit  the  smallest  case  fragments.  It  is  of 
interest  to  note  that  in  test  No.  11,  the  case  fragments  had  sufficient 
energy  to  leave  imprints  (lateral  dimensions  on  the  order  of  25  mm) 
several  millimeters  deep  in  the  RHA  witness  material. 


— 


! 


\ 


I 


i 


•a 

4) 

+j 

■H 

Ifl 

O 

n.  m 

* 

♦ 

a 3 b 

to 

(M 

lO 

to 

4->  1 

• 

• 

• 

C 00 

a> 

<d 

to 

oo 

C4  0)  -* 

rH 

<N 

LO 

4J  B 

w 

o o 

H S 

CO 

w 

rJ 

CJ 

►H 

5 

6 

£ 

TJ 

<D 

M 

•H 

CD 

o 

a 0 

0 rH 

/—\ 

Q 3 ! 

* 

* 

HH 

X O 

o 

o 

o 

O 

U 

b0»-5 

o 

o 

o 

o 

s 

«3  M 

LO 

Tj- 

Tf 

M 0 

A 

A 

A 

Cl] 

o c 

rH 

to 

o 

to 

> 

H CU 

00 

LO 

oo 

cc 

w 

ua 

o. 

£ 

. 

00 

oc 

0 

rH 

o 

rH 

u. 

CM  0 

0 

O *H 

0 

co 

M CD 

/■“n 

G 

w 

* 

* 

0 

=3 

3 03  6 

to 

vO 

LO 

LO 

fH 

rJ 

4_>  Cu  | 

• 

• 

• 

0 

< 

C 60 

CD 

rf 

CD 

4h 

> 

0 JZ  M 

rH 

rH 

rH 

0 

6 0 

C£ 

Q 

CU 

O 0J 

S UJ 

C 

H 

•H 

2S 

G 

3 

0 

a 

0 

> 

•H 

< 

rH 

ao 

u 

o 

•H 

CD 

cm  m 

CD 

• 

O M 0 

* 

ctf 

►H 

aS  rH 

♦ 

o 

E 

HH 

x a.  d 

o 

o 

O 

o 

> 

bfl  O 

o 

o 

o 

CD 

•3 

^ *C  1 

LO 

X 

oo 

A 

C 

cu 

0 O 

A 

a 

A 

3 

G a) 

rH 

rH 

NO 

(N 

CO 

U]  UL] 

oo 

fN 

»-4 

SH 

X 

<* 

M 

h 

•H 

0 

CD 

CD 

o 

1 

r* 

1 

r* 

rH 

0 

3 

CD 

aj 

CD 

0 

6 

M 

•H 

M 

•H 

> 

4-1  M 

3 

rH 

w 

Q 

rH 

CD  O 

o 0 

•g’g 

2 

3 

2 

3 

0 

•H 

e 

O 

rH 

§ 

O *"H 

x: 

0 M 

B 04 

•H 

4) 

0 

•H 

0 0 

M 

CU  U 

3 

CO 

C 

0 

CO 

C 0 

££ 

rH 

< 

CN 

M 

CO 

to 

M 

CO 

G 

O 

•S 

CD 

V 

ctf 

4->  .O 

rH 

<N 

to 

00 

v>  B 

rH 

rH 

rH 

« 3 

E—  Z 

53 

* 

Based  upon  the  results  shown  in  Table  VIII  and  the  cartridge-case 
damage,  tests  No,  11  and  13  are  ranked  as  severely  violent  whereas 
test  No.  12  is  moderately  violent.  Note  that  test  No,  11  was  at  least 
as  violent  as  test  No,  7 and,  based  upon  the  general  debris  and  the 
imprints  left  on  the  RHA  witness,  may  have  been  more  violent  than  test 
No.  7.  Since  none  of  the  events  were  non-violent,  the  results  in 
Table  VIII  refute  any  criterion  based  upon  penetration  capability. 
Furthermore,  the  observed  violence  is  contrary  to  the  trends  predicted 
for  either  single-particle  momentum  or  total  deposited-momentum. 
However,  the  predicted  violences  based  upon  the  total  deposited-energy 
are  in  agreement  with  the  observed  violences. 

Both  the  jet  energy  data  and  the  hypervelocity  data  are  plotted 
in  Figure  29.  The  energy  values  for  the  hypervelocity  particles  are 
the  values  associated  with  the  total  number  of  particles  used  in  each 
test  (see  Table  VII).  Other  than  test  No.  12,  whose  calculated  energy 
value  is  probably  too  high,  the  hypervelocity  particle  results  agree 
quite  well  with  the  results  associated  with  the  shaped-charge  jets. 
This  gives  credence  to  the  energy  values  calculated  for  the  various 
conditions  of  the  shaped-charge  jets. 


IV.  SUMMARY 

Our  investigation  has  demonstrated  that  there  are  three  types  of 
violence  associated  with  shaped-charge  jet/propellant  reactions.  These 
types  were  labeled  as:  1.  a non-violent  type  which  is  similar  to 
hydrostatically  rupturing  the  case  due  to  the  localized  hydrodynamic 
jet-pressure,  2.  a moderately-violent  type  whose  violence  is  similar 
to  an  electrically  ignited  round,  and  3.  a severely-violent  type  whose 
violence  is  similar  to  a deflagration  of  high  explosive. 

In  the  non-violent  event,  the  cartridge  case  remains  essentially 
intact,  40-70%  of  the  propellant  can  be  recovered  after  the  test,  and 
crush-gage  pressures  are  3-15  MPa.  In  the  moderately-violent  event,  the 
cartridge  case  ruptures  into  numerous  large-to-small  pieces  with  some 
cartridge  base-plate,  and  the  average  crush-gage  pressures  (at  the  base) 
are  40-60  MPA.  The  amount  of  recovered  propellant  for  this  event  ranged 
from  9-22%  for  jet  impact  and  was  53%  for  the  hypervelocity  particles. 

In  a severely-violent  event,  the  cartridge  case  ruptures  into  many 
medium-to- small  pieces  with  no  cartridge  case  remaining  attached  to  the 
base-plate,  and  the  average  crush-gage  pressures  (at  the  base)  are  2 
100  MPa.  The  amount  of  recovered  propellant  (for  this  event)  ranged 
from  9-16%  for  jet  impact  and  11-27%  for  the  hypervelocity  particles. 

A variety  of  jet -parameters  were  investigated  for  a priori  predic- 
tion of  both  the  type  of  violence  and  the  ranking  of  events  within 
any  specific  type.  These  jet-parameters  were  striking  velocity,  impact 
pressure,  jet  diameter,  penetration  capability  and  the  jet's  momentum 
or  kinetic  energy  deposited  into  the  propellant  bed.  Of  these  parameters. 
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TEST  NO.  11 

HYPERVELOCITY 
ALUMINUM  ROD 


TEST  NO.  13 

THREE  SIMULTANEOUS 
HYPERVELOCITY  DISCS 


TEST  NO.  12 

TWO  SIMULTANEOUS 
HYPERVELOCITY  DISCS 


Figure  28.  Cartridge-Case  Remnants  Associated  with  Tests 

No.  11  through  13 
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deposited  kinetic-energy  (DKE)  was  found  to  yield  the  best  predictions. 
Hence,  it  was  hypothesized  that  shaped-charge  jet/propellant  reactions 
can  be  characterized  via  two  threshold-energy  values*  Ej  and  En>  and 

two  threshold-widths  AE^  and  AEjj. 

The  energy  values  Ej  and  Ejj  correspond  to  the  demarcation  values 

between  non-violent/moderately-violent  and  moderately-violent/severely- 
violent  events  respectively.  The  threshold  widths  AEf  and  AEjj  are 

the  zones  of  mixed  results  located  about  each  of  the  threshold  values, 
e.g.,  Ej  i 15  kJ  and  AF.j  = 10  kJ  implies  that  DKE  < 10  kJ  is  always 

non-violent,  DKE  > 20  kJ  is  always  moderately  violent  and  10  s DKE 
S 20  kJ  yields  both  non-violent  and  moderately-violent  events.  This 
energy  characterization  of  the  shaped-charge  jet/propellant  reaction 
can  be  seen  graphically  by  plotting  the  average  crush-gage  pressure 
(at  the  base)  <CGP>kase  versus  the  calculated  values  of  deposited 

kinetic-energy  DKE.  Such  a plot  shows  the  data  lying  within  discrete 
regions  of  the  <CGP>j)ase  versus  DKE  space. 


Impact  tests  using  hypervelocity  particles  were  conducted  to 
check  the  hypothesis  of  deposited  kinetic-energy.  For  jets  with 
axially- aligned  particles,  excellent  agreement  between  hypervelocity 
particles  and  shaped-charge  jets  were  obtained  with  respect  to  the  DKF. 
versus  <CGP>base  results.  Furthermore,  A posteriori  predictions  for  the 

hypervelocity  particles  were  in  exact  agreement  with  the  observed 
results.  However,  for  good  predictions,  the  hypervelocity  particle 
and  shaped-charge  jet  data  show  that  multiple  off-axis  impacts  must 
be  accounted  for. 


Based  upon  the  present  test  results,  the  105  mm  round  appears  to 
have  the  following  threshold-energies:  Ej  - 10  kJ  and  E^  = 50  kJ. 

Insufficient  tests  were  conducted  to  accurately  evaluate  the  threshold 
widths  AE j and  AE^.  However,  the  combined  data  (hypervelocity  parti- 
cles and  shaped- charge  jets)  indicate  that  both  AEj  and  AE^  may  be 
fairly  narrow  (5  kJ) . The  difference  in  DKE  (40  kJ)  between  Ej  and 
Ejj  indicates  that  there  is  a large  range  of  DKE  over  which  the  reaction 

is  only  moderately  violent.  Furthermore,  if  the  calculated  DKE  is 
accurate  to  within  10%,  then  the  A posteriori  predictions  for  a severely- 
violent  event  (AEjj/Ejj  - 10%)  should  be  quite  reliable. 

* Most  likely'  these  threshold-energies  and  threshold-widths  will  depend 
upon  the  propellant  formulation  and  the  presence  (or  absence)  of  a 
combustible  cartridge-case. 
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APPENDIX  A 

FRAMING  CAMERA  OBSERVATIONS  FOR  TEST  NO.  7 

In  this  section  the  majority  of  the  frame-by-frame  observations 
for  test  No.  7 are  shown.  The  frames  missing  are  either  those  shown 
in  Figures  17  through  22  or,  the  last  25  frames  of  observation.  The 
time  between  each  frame  is  4.0  ps  and  the  time  shown  in  each  figure 
refers  to  the  time  after  impact. 

The  direction  of  jet  travel  is  always  from  the  top  to  the  bottom 
of  the  photograph.  The  base  of  the  cartridge  case  is  always  located 
to  the  left-hand  side  of  the  photograph. 


Figure  A. 2 Observation  at  8 ps  after  impact 


Figure  A. 4 Observation  at  16  ys 
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Figure  A. 8 Observation  at  32  ys  after  impact 


Figure  A. 9 Observation  at  36  vis  after  impact 


— 


Figure  A. 13 
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Figure  A.  17  Observation  at  76  vis  after  impact 
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Figure  A. 19  Observation  at  84  us  after  impact 
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Figure  A. 21  Observation  at  96  ps  after  impact 
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Figure  A.  22  Observation  at  100  vjs  after  impact 
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Figure  A. 24  Observation  at  108  ps  after  impact 
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Figure  A. 26  Observation  at  120  ps  after  impact 


Figure  A. 27  Observation  at  124  ms  after  impact 
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Figure  A. 28  Observation  at  128  ws  after  impact 
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Figure  A.  32  Observation 
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Figure  A. 34  Observation  at  152  ys  after  impact 
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APPENDIX  B 

EXPERIMENTAL  PROCEDURE  FOR  USING  HYPERVELOCITY  PARTICLES 

The  lead  particle  in  a shaped-charge  jet  is  essentially  a non- 
stretching hypervelocity  rod17.  It  is  possible  to  isolate  this  particle, 
and  any  desired  length  of  stretching  jet -material  following  it,  from 
the  remaining  material  which  normally  exists  in  a jet.  This  isolation 
is  accomplished  by  placing  at  the  liner's  base  an  acrylic  plastic- 
inhibitor  within  the  shaped-charge  liner  cavity,  as  illustrated  in 
Figure  B.l.  The  inhibitor  prevents  the  basal  portion  of  the  liner  from 
collapsing  on  itself  and  forming  a jet.  The  amount  of  the  basal  portion 
of  the  liner  that  is  inhibited  depends  upon  how  far  the  inhibitor  enters 
the  liner  cavity  and  the  size  of  the  hole  in  the  inhibitor.  This  hole 
is  provided  in  the  inhibitor  to  allow  the  uninhibited  jet-material  to 
pass  through  unperturbed. 

The  inhibitor  effectively  isolates  the  jet's  portion  of  interest 
from  all  other  jet  material.  However,  there  is  a small  amount  of  low 
velocity  liner-material  that  trails  along  the  path  of  the  uninhibited 
jet.  This  material  consists  of  uncollapsed  liner-material  and  the 
slug  from  the  collapsed  portion  of  the  liner.  This  material  can  be 
deflected  laterally  by  detonating  a semi-circular  deflector-charge 
placed  on  the  outside  of  the  shaped-charge  at  the  base  of  the  conical 
cavity  (see  Figure  B.l). 

Figure  B.2  shows  a radiograph  of  the  forward  portion  of  the  normal 
jet  produced  by  the  shaped-charge  shown  in  Figure  B.l  (without  the 
inhibitor  and  semi-circular  deflector-charge  in  place) . The  section 
labeled  "portion  of  interest"  contains  the  material  for  the  desired 
energy-level  described  earlier  in  this  report.  Note  that,  in  addition 
to  the  customary  stretching- jet  material,  this  particular  shaped-charge 
produces  a precursor  ahead  of  the  portion  of  interest.  The  authors 
desired  to  isolate  the  portion  of  interest  from  all  other  jet  material. 
Therefore,  in  addition  to  inhibiting  the  formation  of  a major  portion 
of  the  stretching  jet,  the  precursor  also  had  to  be  eliminated. 

This  elimination  was  done  by  placing  114  mm  of  polyethylene  in 
the  jet's  path  prior  to  impacting  the  105  mm  round.  Also  a steel 
plate,  25.4  mm  thick  with  a 38.1  mm  diameter  hole  through  it,  was 
placed  on  top  of  the  polyethylene  to  trap  the  deflected  low-velocity 
liner-material.  Figure  B.3  presents  a radiograph,  taken  at  a later 
time  than  the  radiograph  shown  in  Figure  B.2,  showing  the  effect  of  the 
arrangement  (see  Figure  B.l)  upon  the  jet.  Note  that  the  portion  of 
interest  is  completely  devoid  of  precursor  material  and  stretching  jet 
except  for  the  two  particles  that  are  contained  within  the  portion  of 
interest.  Absence  of  deflected  low-velocity  liner -material  was 
validated  by  a witness  plate  (see  Figure  B.4)  which  was  free  of  impacts 
other  than  that  produced  by  the  lead  particles. 
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A photograph  of  the  overall  test  arrangement  used  for  the  impact 
study  is  shown  in  Figure  B.5,  This  photograph  shows  velocity  screens 
for  both  the  base  and  the  nose  at  the  projectile.  However,  no  reliable 
readings  were  obtained  for  the  screens  associated  with  the  projectile's 
nose. 

The  second  set  of  hypervelocity  particles  employed  steel  disks 
which  are  propelled  by  an  air-cavity  charge.  Figure  B.6  shows  a 
cross-sectional  drawing  of  such  a charge.  Reference  18  showed  that 
the  mass  and  velocity  of  the  propelled  disk  can  be  varied  by  charging 
the  height  of  the  air-cavity.  Figure  B.7  shows  a radiograph  of  the 
hypervelocity  disk  associated  with  an  air-cavity  height  of  5.08  mm. 

In  this  radiograph  the  disk  is  about  the  same  distance  from  the  base 
of  the  charge  as  used  in  test  No.  13.  Figure  B.8  shows  photographs  of 
the  arrangements  used  for  tests  No.  12  and  13.  Again,  the  velocity 
screens  for  the  nose  did  not  function  properly. 
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Figure  B.4.  Photograph  of  Steel  Witness-Plates  Associated 
With  the  Jet  Shown  in  Figure  B.3 
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Figure  B.5.  Photograph  of  Overall  Arrangement  for  Test  No.  11 
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Figure  B.6.  Schematic  Diagram  of  Air-Cavity  Charges  Used  for 
Producing  Hypervelocity  Disks 
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Figure  B.7.  Radiograph  Taken  of  a Free  Flight  Hypoxveloeity 
Disk  Associated  With  an  Air-Cavity  Depth  of  7.62  m 
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APPENDIX  C 


IONIZATION  PROBE  TEST 

A direct  measure  of  the  propagation  rates  within  a propellant  bed 
initiated  by  a shaped-charge  jet  was  obtained  using  ionization  probes 
imbedded  within  the  propellant  bed.  Figure  C.l  shows  a schematic 
diagram  of  the  test  arrangement. 

The  81  mm  shaped-charge  jet  has  a tip  velocity  around  7.6  km/s 
and  a jet  diameter  - 5 mm  at  that  standoff  distance  (2.3)  cone  diameters). 
The  amount  of  deposited  energy  is  around  100  kilojoules.  This  condition 
was  selected  as  being  an  extreme  case  for  jet  initiation  of  a propellant 
bed. 


The  ionization  probe  consisted  of  a twisted  pair  of  cotton 
sheathed,  0.30  mm  diameter  copper-wires.  The  temperatures  associated 
with  the  propagating  disturbance  burn  off  the  thin  cotton  sheath  and 
short  circuit  the  pair  of  wires.  The  leads  from  each  probe  were  run 
along  the  interface  between  the  propellant  bed  and  the  plywood  cover. 

The  plywood  cover  was  used  to  shield  the  leads  from  any  fragments  or 
detonation  products  associated  with  the  detonation  of  the  shaped  charge. 
Each  probe  lead  was  connected  to  an  oscilloscope  which  had  an  open- 
shutter  camera  attached. 

The  camera's  film  recorded  the  oscilloscope's  wave  form  which 
started  when  the  jet  passed  through  the  start  trigger  (a  thin  sand- 
wich of  brass.  Mylar®  and  brass).  After  starting,  each  signal  from  an 
ionization  probe  would  cause  a blip  to  occur  at  some  location  on  the 
waveform.  The  time  between  each  signal  was  obtained  by  measuring  the 
distance  along  the  wave  form  between  each  blip.  Malfunction  of  any 
single  probe  would  be  readily  seen  since  consecutive  probes  have 
opposite  polarity. 

The  measured  times  are  listed  in  Table  C.l  and  the  computed 
average- velocity  between  stations  is  also  given.  These  velocities 
were  computed  using  the  fact  that  the  jet  requires  3.3  ± 0.1  ys  to 
travel  the  distance  from  the  trigger  (t  h 0)  to  the  top  of  the  pro- 
pellant bed. 


TABLE  C.I 
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RESULTS  OF  IQNiZAiiON  PROBE 


Station 

Number 

Time  For 

Signal  (ps) 

Average  Velocity 
Between  Stations  (km/s) 

0 

0 

1 

8 

5.4 

2 

20 

2.1 

3 

30 

2.5 

4 

62 

0.8 

Note  that  the  calculated  shock  velocity,  based  upon  the  estimated 
shock-behavior^  and  an  initial  pressure  of  147  MPa,  is  5.9  km/s. 
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19!  V.M.  Boyle  and  S.M.  Carter,  "The  Hugoniots  of  M-30  Propellant  and 
an  Inert  Simulator  of  M-30,"  Ballistic  Research  Laboratory, 

IMR  No.  351,  February  1975.  (not  available) 
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